This study clarifies that the inner and outer layers of the anodic film consist of a nano/micro-porous MgO+Mg(OH)2 mixture. The film becomes thicker and more porous with increasing potential. It can rupture when potential is too positive in a non-corrosive Mg(OH)2 solution. Hydrogen evolution becomes more intensive as polarization potential increases, particularly when the potential at the film-covered Mg surface is close to or more positive than the hydrogen equilibrium potential, suggesting that an "anodic hydrogen evolution" (AHE) reaction occurs on the substrate Mg in film pores, and the significantly intensified AHE causes film rupture at high potential.
Introduction
Mg is one of the lightest engineering and biocompatible metals. However, its poor corrosion resistance limits its industrial applications [1, 2] .
To address the corrosion issue, its anodic dissolution behavior must be comprehensively understood.
Mg has a negative standard equilibrium potential, around -2.4V/SHE (SHE=Standard Hydrogen Electrode)) [3, 4] , and open-circuit potentials (~-1.5V/SHE) in corrosive solutions [5] . Its highly active surface is covered under an oxide/hydroxide film [6, 7] . The influence of surface film on corrosion of Mg and its alloys has been widely studied [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, most of the investigations were mainly focused on the films formed at Open-Circuit Potentials (OCPs). There are very few publications showing the film composition and microstructure on Mg at anodic potentials [17] .
How the film evolves with increasing anodic potential has not yet been systematically studied.
In fact, the formation and dissolution of a surface film is primarily determined by potential. Anodic polarization can alter the integrity and stability of a film, making
Mg more active or passive [27] [28] [29] [30] [31] [32] . It has been reported that the film continuity/integrity can determine the Negative Difference Effect (NDE) or "Anodic
Hydrogen Evolution" (AHE) behavior of anodically polarized Mg [33] , although the detailed NDE mechanism is still a focus of controversy [34] [35] [36] . In case that Mg 3 alloys are in contact with other engineering metals, they are always anodically polarized by the coupling metals [37] , and their galvanic corrosion performance can be influenced substantially by their anodic films [38] . Even on a naturally exposed Mg alloy, its surface film can actually evolve with varying OCP. Therefore, illustration of the film composition and microstructure at different potentials will be a prerequisite to solving the corrosion or biodegradation problem of Mg alloys.
Experimental
To eliminate the influence of alloying elements and intermetallic phases on film composition and microstructure, pure Mg (Al:0.009wt.%, Zn:0.003wt.%, Cu<wt.0.01%, Fe:0.008wt.%, Mn:0.011wt.%, Ni<0.001wt.%) was used [22] .
Electrodes made of the Mg ingot with 1 cm 2 exposed working area were abraded with SiC paper up to P#1200.
Saturated Mg(OH)2 (pH10.5) was used as testing solution to simplify the film composition on the Mg. The testing solution can also ensure a constant solution pH value for better experimental reproducibility [39] . The solution resistivity was measured to be 883 Ω . cm using a conductivity meter.
Polarization curve and AC electrochemical impedance spectroscopy (EIS) measurements were conducted using a potentiostat (Parstat 4000, Princeton
Applied Research) in a three-electrode electrolyte cell containing 450mL testing 4 solution with a Saturated Calomel Electrode (SCE, which has an equilibrium potential 0.241V more positive than a SHE) as reference and a 1x1 inch platinum foil as auxiliary electrode. The SCE was inserted into a Luggin capillary and the capillary tip was placed in front of the Mg electrode surface. To avoid hydrogen bubbles evolved from the Mg surface being trapped by the capillary tip and blocking the reference electrode, the distance of the capillary tip to the Mg surface was carefully controlled around 6~7mm. The Mg electrode was held at a starting potential (e.g., -
1.7V/SCE) in the solution for 0.5 hour to record its potentiostatic polarization current density, then EIS was measured at this potential using a 10mV RMS ACpotential signal in a frequency range from 10kHz to 5mHz. After that, the potentiostatic polarization potential was increased to a higher potential and held at this new potential for 0.5 hour to record a new potentiostatic current density. EIS measurement was also repeated at this new potential after current density recording. In this manner, as the potentiaostatic potential became higher and higher step by step, a series of potentiostatic polarization current densities and EISs at different potentials were obtained. The potentiostatic polarization curve of Mg is a plot of potentiostatic polarization current densities versus their corresponding potentiostatic potentials.
Hydrogen was collected in a burette through a funnel mounted over the Mg electrode at different potentials using the same counter and reference electrodes in a beaker containing 1L testing solution [40] .
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The Mg electrodes after 24 hour polarization at different potentials were examined with 3D Digital Optical Microscopy (OM, VHX-1000, Keyence), Scanning Electron Microscopy (SEM, Hitachi model S3400 and S4800) and Scanning Transmission Electron Microscopy (STEM/TEM, Philips model CM200). TEM specimens were prepared by focus-ion-beam in-situ lift-out technique (Hitachi NB5000 FIB-SEM).
Results and discussion

Anodic polarization and hydrogen evolution
The measured anodic potentiostatic polarization curve (Figure 1(a) ) shows a gradually increasing anodic current density with increasing potential, which cannot be distinctly divided into two regions. However, after IR-correction is performed according to equation VTrue = V -I Rs (where I is measured potentiostatic current density, Rs is solution resistance obtained from EIS, which is the real part of the impedance at frequency 10k Hz in this study, V is experimentally applied potentiostatic potential, and VTrue is the IR-corrected potential), the anodic current density curve bends up evidently when VTrue is higher than a transition potential EIp (EIp ≈ -1.03VTrue/SCE on the IR-corrected curve, corresponding to ~-0.85V/SCE on the experimental curve). In this study, EIp is not only a potential denoting the change in anodic current density increasing trend, but also signifies a change in Mg surface film microstructure, which will be further illustrated later.
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The hydrogen evolution rate from Mg surface (which is a film-covered surface)
increases with increasing potential (Figure 1(b) ). It accelerates with time at potentials above -0.8V/SCE (Figure 1(c) ). Particularly at 0V/SCE and 2V/SCE, the hydrogen evolution dramatically accelerates. These two potentials correspond to -0.84VTrue/SCE (i.e., -0.60Vtrue/SHE) and -0.80VTrue/SCE (i.e., -0.56Vtrue/SHE), respectively, very close to and higher than the hydrogen equilibrium potential (-0.60Vtrue/SHE) in the saturated Mg(OH)2 solution (pH10.5) [4] . If the hydrogen evolution was a cathodic reaction, it should have ceased or stopped at a potential more positive than positive -0.84Vtrue/SCE. The experimental observation ( Figure   1 ) suggests that the hydrogen evolution is unlikely to be a simple proton reduction reaction on a film-covered Mg surface.
Electrochemical parameters of anodically polarized Mg surface
Mg in the testing solution has two capacitive loops in EIS. The validity of these loops has been conformed by K-K transformation in the study. The inductance features in the low frequency range (<0.1Hz) are not very clear because of the scattered data points. These capacitive and inductive characteristics are shown in Figure 2 (a), which presents three typical EISs measured at different potentials.
An equivalent circuit (Figure 2(b) ) is proposed to curve-fit the measured EISs. The components/parameters of the circuit have the following meanings:
7 Rs: the solution resistance between reference electrode and the surface of the film-covered Mg electrode, Rf: the surface film resistance, which is mainly determined by the film porosity and the solution conductivity in the film pores, Ra: the pseudo resistance for electrochemical reactions at film/Mg interface, which is dependent on the reactivity of the substrate Mg with the solution in film pores, RL: the inductive resistance for electrochemical reactions at film/Mg interface. Cf: the surface film capacitance, whose value is proportional to film porosity and reciprocal to film thickness, Ca: the pseudo capacitance for electrochemical reactions at film/Mg interface, and L: the inductance for electrochemical reactions at film/Mg interface.
There is always a non-Faradaic process during EIS measurement, which can be simulated by a capacitance in the equivalent circuit. On a film-covered electrode, that a different process starts to influence the surface film microstructure, which will be further discussed later.
Surface films under anodic polarization
In-situ and ex-situ observations during and after immersion by naked eye showed that dark corroding areas spread over the Mg surface, the spreading rate increased with increasing potential, and hydrogen evolved mainly from the dark corroding areas. These observations are in consistence with the reported anodic hydrogen evolution [33] . The whole Mg surface was corroded and became dark within 24
hours of immersion at -1V/SCE. It should be noted that the anodic current densities around -1V/SCE and Eip (~-0.85V/SCE) are a few hundred microamperes and continuously increase with potential; thus the Mg electrode is not in a passive state.
At more positive potentials (e.g. E>Eip), the whole surface was completely corroded and darkened in a few hours. These observations suggest that the enhanced hydrogen evolution on Mg at a high anodic potential in this study is unlikely to be a result of the spread of cathodically active corroding surface area [41] , as the dark corroded surface area cannot further enlarge with increasing potential after the whole surface has been corroded. Moreover, at potentials more positive than Eip, some small pieces of dark debris peeling off from the corroding Mg surface were visualized. This indicates that the anodic surface film ruptured at high potentials, which could be caused by significantly intensified hydrogen evolution (see Figure 1 (b) and (c)). If the hydrogen evolution at the high potentials is a cathodic reaction, its rate should decrease unless the active surface area for hydrogen reaction became significantly larger with increasing potential, because cathodic hydrogen evolution intensity on unit surface area always decreases with increasing potential. In a film crack, the exposed surface area of the substrate metallic Mg is very limited and cannot increase remarkably with increasing potential. Therefore, the hydrogen evolution rate in the film crack at a higher potential enhanced so evidently to rupture the film cannot be a cathodic hydrogen process. Figure 3 presents some typical SEM/TEM images of Mg film cross-sections. Around OCP, some surface areas are insignificantly corroded, but some noticeably, and the film with cracks is about 2~3µm thick in the corroded area (Figure 3(a) ). At -1V/SCE, the film grows thicker (~10µm), more uniformly over most of the surface area ( Figure 3(b) ). It then becomes loosely ruptured at 0V/SCE, quite thick in some areas (Figure 3(c) ) and penetrating deeply into the substrate in some other locations (Figure 3(d) ).
To reveal more detailed microstructure of a complete film, some local regions of thinner film were analyzed using STEM (Figure 3(e)~(g) ). All the films consist of a dense inner layer and a loose filamentous outer layer. The inner and outer layer thickness varies from location to location. The thick filamentous porous outer layer of the film formed on Mg at 0V/SCE (Figure 3(g) ) has almost the same morphology as that on Mg alloys in salt solution [42] . This may imply that the outer layer results from deposition of supersaturated Mg 2+ from solution, because Mg can be rapidly dissolved either in the non-corrosive solution at a high anodic potential or in a chloride-containing solution at OCP.
Electron diffraction analyses indicate that both the inner and outer layers are a mixture of MgO+Mg(OH)2, the inner dominated by MgO and the outer by Mg(OH)2.
TEM/SEM electron beam can to some degree dehydrate or modify the Mg(OH)2, but a significant amount of Mg(OH)2 still remains after TEM observations. A typical electron diffraction pattern is shown in Figure 3(h) . The MgO+Mg(OH)2 mixture has also been confirmed by electron-energy-loss-spectroscopy analysis, which shows both MgO and Mg(OH)2 together in the outer layer. These support the recent publications that H is distributed throughout the inner and outer layers [21, 22] .
The film cracks shown in the SEM cross-sections (Figure 3(a)~(d) ) can also be observed in the topographic images (Figure 3(i)) . Surprisingly, before SEM analysis, no crack can be visualized under the 3D confocal OM that has sufficiently high resolution to reveal film details (Figure 3(j) ). This observation suggests that the original films formed at OCP and low potentials may be microcrack-free. In SEM, the Mg(OH)2 in the films may be dehydrated, turning into smaller mole-volume MgO, generating cracks. Such cracks would also be expected with the decrease in volume when Mg is directly converted to MgO. Element mapping confirms a non-uniform corrosion distribution over Mg at OCP; the area next to a severely corroded spot is lightly corroded, mainly containing metallic Mg, not its oxides. This could be due to the galvanic effect between the corroding site and its surrounding region.
It should be noted that from all the topographic and cross-sectional SEM and STEM images obtained in this study (most of the photos are not presented here), no heavy element (e.g. Fe) rich particle can be detected in the corroded areas on Mg surfaces.
There is no evidence to support that the accelerated corrosion, film formation or hydrogen evolution with increasing potential can be associated with enrichment of Fe or noble elements on Mg surface.
Anodic surface film model and hydrogen evolution mechanism
The above results suggest that Mg is covered by a MgO+Mg(OH)2 film that has a relatively dense inner and a loose outer layers (Figure 4(a) ). In fact, the presence of MgO and Mg(OH)2 in the surface films on Mg and its alloy in water has been confirmed by XPS analysis [11, 22] . It can be reasonably assumed that the Mg(OH)2 concentration in the film decreases and MgO content increases with film depth. All the film pores are filled with saturated Mg(OH)2 solution. An enlarged section of the film is schematically illustrated in Figure 4 (b).
Reaction Mg+O 2-MgO+2e -occurs at the interface between the inner layer and Mg, while Mg+2H2OMg 2+ +2OH -+H2+2e -proceeds on the Mg surface exposed to the solution in film pores/cracks (Figure 4(b) ). The inner layer grows when Mg is oxidized by inward oxygen transport [22] No cathodic hydrogen evolution in theory can occur on bare metallic Mg surface at a potential more positive than the hydrogen equilibrium potential (~-0.60Vtrue/SHE).
The presence of an oxide/hydroxide film on Mg will make the cathodic hydrogen evolution at the same potential even more difficult. This is because the oxide/hydroxide film is not a good electronic conductor and cannot easily conduct electrons, and the probability of electron transmission from the substrate Mg through the film to the film surface is extremely low. Furthermore, the electric field across the film, which drives a high anodic current density from the substrate Mg through the film to the solution, is against the direction of electron travelling from the substrate Mg to the film surface. Thereby, it is unlikely for the cathodic hydrogen evolution to occur on the film surface as described in the catalytic surface mechanism [17] . All these suggest that cathodic hydrogen evolution should take place on the substrate metallic Mg exposed to the solution in film pores at the Mg/film (M/F) interface.
Based on the above analyses, the model [33, 43, 44] that combines the partially protective film and the Mg + involved in Mg dissolution offers a reasonable 14 explanation for the hydrogen evolution at anodic potentials (Figure 1 (b) and (c) ).
In this model, the hydrogen evolution at high anodic potentials is not a cathodic reaction, but mainly a result of anodic dissolution of Mg + and immediate chemical reaction of the dissolved Mg + with water on the substrate Mg surface exposed to the solution in film pores [33] ; limited cathodic hydrogen evolution may also occur on the substrate Mg surface, but its intensity decreases with increasing potential [7] . In fact, it has been in-situ visualized under a microscope that the hydrogen evolution directly from corroding areas always follows corrosion development (i.e., hydrogen bubbles come out from the forefront of corroding region) on an Mg alloy surface under anodic polarization, and it ceases by cathodic polarization [44, 45] . Under a cathodic polarization, hydrogen evolves from some particular sites on a Mg alloy surface, and the reaction noticeably slows down and even completely stops as polarization potential anodically shifts. This is obviously a normal cathodic hydrogen evolution reaction (CHE). No corrosion damage can be observed on these cathodic sites for CHE. However, on other areas where severe corrosion is occurring, intense hydrogen evolution can be observed, and the hydrogen reaction dramatically intensifies while the polarization potential is becoming more positive.
This hydrogen evolution process is clearly an anodic reaction (i,e., anodic hydrogen evolution, AHE). If the electrode is cathodically polarized again, the ACE slows down and stops in the corroded area, whereas CHE is triggered again from those cathodic sites [44, 45] . These observations suggested that the hydrogen evolution in a corroding area mainly results from an anodic process (i.e. AHE).
If the hydrogen evolution from the corroding area is ascribed to a cathodic hydrogen reaction on the corrosion product film, and the increasing hydrogen evolution rate with increasing potential is attributed to enlarged corroding areas or enrichment of impurity on the Mg surface, then the Negative Difference Effect (NDE) of Mg in strong acidic solutions (i.e., hydrogen evolution rate increasing with increasing potential in acidic solutions) [43] cannot be explained. In the strong acidic solutions, the whole Mg surface is film-free, and thus the corroding area cannot become larger with increasing potential. In this case, no corrosion product can stay on the Mg surface due to the rapid uniform dissolution of Mg, and consequently impurity enrichment cannot occur, either. Therefore, CHE should decrease with increasing potential, and there should be no NDE if AHE is not considered.
According to this model of Mg + involved in Mg dissolution in film-broken areas, under anodic polarization Mg surface and hydrogen evolution are activated by Mg + .
Such an intermediate product of Mg anodic dissolution has extremely short-life and may exist only on the substrate metallic Mg surface under the film pores for a very short period of time. It cannot be easily detected by conventional chemical analysis, ICP or Raman spectroscopy that only detects species on film surface or in bulk solution [35, 36] . Although the presence of Mg + has not yet been experimentally confirmed, the mechanism of Mg + involved in Mg dissolution in film-broken areas [33, 43, 44] can very well explain many experimental results so far.
In the model, the AHE takes place on substrate Mg surface exposed the solution in the film pores (at the M/F interface) through [7] :
Mg + +H2OMg 2+ + ½OH -+ ½H2
The single-electron electrochemical reaction (1) is easier than a multi-electron process, and the chemical reaction (2) of Mg + with water can be completed within micro-seconds [46, 47] , resulting in AHE. Reaction (1) is accelerated by increasing potential, which facilitates reaction (2). Therefore, AHE rate increases with increasing potential, even when potential is more positive than 0V/SCE ( Figure   1 (b)~(c)) or the potential at the film-covered Mg surface is close to the equilibrium hydrogen potential.
As the involvement of Mg + in Mg dissolution can yield a capacitive EIS loop at intermediate or low frequencies [43] , and the porous/cracked surface film can generate another capacitive loop at high frequencies [43] , EISs will exhibit two capacitive loops as shown in Figure 2 (a).
Around OCP, surface micro-galvanic cells dominate the corrosion (Figure 4(c) ). A severely corroding site can galvanically protect its surrounding region. Thus, the corrosion damage is non-uniform, and the film thickness varies widely (Figure 3(a) ).
When an anodic potential e.g., -1V/SCE, is applied, Mg dissolution over the entire surface will be driven uniformly by the applied voltage (Figure 4(d) ). Hence, the film becomes thicker and more uniform (Figure 3(b) ). If a high potential above a critical value (e.g., 0V/SCE) is applied (Figure 4(e) ), the AHE will be dramatically enhanced (Figure 1(b)~(c) ). The rapidly generated hydrogen may be trapped/accumulated in the film pores, which may rupture the film (Figure 3(c) ).
Thereby, the film becomes more porous and cracked, and current densities noticeably increase when potential is higher than the critical value (Figure 1(a) ).
The film rupture caused by the accelerated AHE at a high potential differs from the chloride-induced film damage [21, 22, 42] .
The trapped hydrogen bubbles may block and unblock the liquid/current paths in the film, resulting in unstable currents and thus scattered electrochemical surface parameters (Figure 2 (b)~(c)). Some generated H atoms from reaction (2) may diffuse into the Mg substrate through some metallurgical defects [21] . The Hingress zones may act as shortcuts for corrosion, resulting in deeply penetrated corrosion patterns (Figure 3(d) ). According to this model, the CHE from the substrate Mg exposed to solution in film pores cannot be excluded [40] . Although this CHE process in theory cannot result in a NDE phenomenon, the hydrogen bubbles from the CHE actually mixes together with those from the AHE during hydrogen evolution measurement. Because of the difficulty in distinguishing AHE and CHE, different models are proposed to interpret the experimentally collected hydrogen. It is expected that the advancement of modern experimental techniques will eventually help clarify these ambiguous points.
Conclusions
1. The hydrogen evolution becomes more intensive when the potential at the film-covered Mg surface is more positive than the hydrogen equilibrium potential. This mainly results from the "anodic hydrogen evolution" on the substrate metallic Mg surface exposed to the solution in film pores. 3. The film formed at a higher anodic potential still has a double-layer structure. It becomes thicker, but less resistant due to the increased film porosity at the higher anodic potential. 
